A.A.); amir.astafan@univ-poitiers.fr (A.A.); ludovic.pinard@univ-poitiers.fr (L.P.) 2 IFP Energies nouvelles, Rond-point de l'échangeur de Solaize, BP 3, Abstract: The removal of coke from an aged industrial hydrodesulfurization catalyst, using dielectric barrier discharge (DBD) non-thermal plasma with a pin to plate geometry, was investigated. The aged catalyst was introduced into the plasma reactor as a thin wafer. After 130 minutes of plasma treatment, with P = 30 W, 70% of the coke was removed while more than 40% of the sulfur was still present. Characterization of catalyst at different locations of the wafer showed that the coke was more easily removed at the center, close to the pin electrode where the electric field was more intense. The formation of an unexpected phase, under the plasma discharge, was highlighted, it corresponded to the family of Keggin HPA PMo 12 O 40 3− , which could be an interesting precursor of catalyst for the hydrodesulfurization (HDS) process. Compared with a coked zeolite, the rate of regeneration is lower for the HDS catalyst under plasma discharge, while a lower temperature is required under conventional thermal oxidation. This is explained by the presence of metal particles, which could be responsible for the limitation in O-atom formation under plasma.
Introduction
The hydrodesulfurization (HDS) process is one of the most important processes used in a refinery to remove sulfur-containing compounds due to worldwide environmental policies and the requirement to limit the sulfur content in gasoline and diesel fuels at 10 ppm [1, 2] . At the industrial level, HDS reaction is carried out in fixed bed reactors at a temperature range from 300 to 400 • C and hydrogen pressure from 3 to 13 MPa. The most widely employed catalyst for the hydrodesulfurization process is cobalt-molybdenum supported on alumina [3, 4] . The catalyst active in hydrotreating is obtained after a sulfidation step leading to the formation of MoS 2 slabs [5] and the so-called "CoMoS active phase" where cobalt decorates the edges of MoS 2 slabs [6] . Much research on the catalyst design has been reported, allowing an increase in the HDS activity, but catalyst deactivation during its utilization in a refinery is still a problem of great and continuing concern. The hydrotreating catalyst deactivation is mainly due to coke accumulation in the pores of the catalyst [7, 8] , necessitating a replacement of the catalyst and, if possible, its regeneration, generally performed in a separate zone.
The most widely used method for catalyst activity recovery is oxidative regeneration using diluted air. The main challenge for this kind of regeneration process is to control the exotherm during the coke elimination [9] . The reaction between the coke and oxygen is exothermic and the non-control of the coke burnoff will result in temperature runaways and dramatic and undesirable changes of the catalyst properties [10] . Such changes could be alumina sintering or the formation of crystallized and stable phases such as MoO 3 , NiMoO 4 [11, 12] . This is why ex-situ regeneration is usually prefered nowadays [13] . The main ex-situ technologies which can be found are the Rotolouvres furnaces developed by Eurecat and the mobile beds by Porocel. Fluidised beds are also encountered [8] .
The experimental conditions used were optimized, particularly in terms of temperature as it must not exceed 500 • C to limit the formation of crystallized species such as CoMoO4 or CoAl 2 O 4 [14] . However, the presence of these phases is frequently observed after the regeneration step, while they are known to be refractory to sulfidation, negatively influencing the HDS activity [15] .
As a result, the removal of coke deposits from the surface of the spent catalyst using a classical oxidation treatment only leads to the partial restoration of activity to a level of 70-90% when a level of more than 95% is usually required [16] . This is why there is a need for new technologies leading to "mild regeneration", meaning the carbonaceous matters can be removed while limiting the refractory species formation.
In this context, oxygen plasma was proposed as a promising technology for the regeneration of catalysts. First, studies were reported on the decoking of a zeolite catalyst [17, 18] . Using a glow discharge at pressures from 1 to 10 mbar, the authors showed that the best results were obtained with mixtures He-O 2 and Ar-O 2 compared to N 2 -O 2 . It was explained by the formation of excited atoms Ar* or He*, expected to transfer their energy to O 2 molecules through collisions yielding active O-atoms. Moreover in the presence of nitrogen, part of O atoms is lost due to reactions with N 2 forming molecules such as NO, NO 2 , N 2 O, N 2 O 5 , etc., the level of decoking reached 76% in a Ar-O 2 mixture. In a recent paper, we showed that He-O 2 nonthermal plasma can be successfully used to completely regenerate a coked zeolite at room temperature and also under atmospheric pressure, with low energy consumption [19] . A pin to plate dielectric barrier discharge plasma reactor was used, while the HZSM5-zeolite was shaped as a wafer and treated by plasma under a helium-oxygen mixture.
The goal of the present study was to evaluate the efficiency of a plasma treatment in the removal of coke from an aged industrial hydrodesulfurization catalyst and to make a comparison with a coked zeolite.
Results and Discussion

Characterization of the Catalyst before Plasma Treatment
The amount of molybdenum, cobalt, and phosphorus on the catalyst expressed as their equivalent oxides was: 20.5% MoO 3 , 4.0% CoO, 5.2% P 2 O 5 . They were supported on γ-alumina. Surface areas were determined by the BET method, the amount of carbon and sulfur of used and regenerated catalysts are gathered in Table 1 . The values indicated for the coked catalyst were obtained after cleaning by toluene in order to eliminate any light carbon deposited. The amount of coke in the aged catalyst was about 13%, which is the usual amount after two years on stream as well as the amount of sulfur. The regeneration of the aged catalyst at 500 • C under air allowed the total elimination of carbon and sulfur from the catalyst and to recover almost completely the surface area, the fresh catalyst surface area being around 180 m 2 /g. After hydrotreating reaction, the coked catalyst ( Figure 1a ) exhibited the characteristic peak positions and intensities of pseudo-cubic γ-Al 2 O 3 (2θ = 37.59 • , 45.84 • , 67.00 • ); there were no Co, Mo diffraction peaks found in the XRD patterns of the supported catalysts over γ-Al 2 O 3 because Co, Mo species were well dispersed on the support. TGA-TDA analyses were performed for the coked catalyst under an air flow of 100 mL/min and a ramp temperature of 1 • C/min. The profile (Figure 2a ) exhibited two exothermic peaks with maxima at 295 and 436 • C. The coupling of TDA with mass ( Figure 2b ) was performed in order to identify the nature of the species eliminated. The detected fragments m/e = 44 and 64 indicated the presence of a gas phase of CO 2 and SO 2 , respectively, m/z = 48 corresponding to a fragment of SO 2 (SO). The results showed that the first weight loss (1.4 wt%) at 295 • C corresponded to the simultaneous elimination of carbon and sulfur compounds, but according to the composition of the coked catalyst (8 wt% in S) it showed that sulfur is only partially removed from the catalyst at low temperatures. Between 300 and 450 • C the weight loss (15.9%) corresponded to the elimination of coke associated with S elimination even if m/e = 64 was not detected, probably due to the low signal intensity. It has been proposed [20] that coke eliminated at low temperatures is localized at the surface of MoS 2 particles, the metal favoring coke combustion, while the coke eliminated at higher temperatures could be present at the surface of alumina [21, 22] . In order to verify the catalyst composition at different oxidation temperatures, thermal treatments were performed from 250 to 400 °C under air (temperature ramp: 10 °C/min, air flow: 100 mL/min). The amount of carbon and sulfur was determined by elemental analysis and the elimination efficiency is plotted versus temperature in Figure 3 . The results confirmed that sulfur is eliminated at low temperature, the sulfur elimination efficiency reached 50% at 250 °C while no coke was eliminated at this temperature. At 300 °C, 80% of sulfur was eliminated and less than 10% of carbon. It appears that the last 20% of sulfur is more difficult to remove and at 400 °C, 14% of S was still present in the catalyst most probably as sulfates. Note that the values of C and S elimination by thermal treatment at fixed temperatures are higher when compared to the values obtained by TGA analysis, which can result from the longer time of exposure to air in the case of thermal treatment. In order to verify the catalyst composition at different oxidation temperatures, thermal treatments were performed from 250 to 400 • C under air (temperature ramp: 10 • C/min, air flow: 100 mL/min). The amount of carbon and sulfur was determined by elemental analysis and the elimination efficiency is plotted versus temperature in Figure 3 . The results confirmed that sulfur is eliminated at low temperature, the sulfur elimination efficiency reached 50% at 250 • C while no coke was eliminated at this temperature. At 300 • C, 80% of sulfur was eliminated and less than 10% of carbon. It appears that the last 20% of sulfur is more difficult to remove and at 400 • C, 14% of S was still present in the catalyst most probably as sulfates. Note that the values of C and S elimination by thermal treatment at fixed temperatures are higher when compared to the values obtained by TGA analysis, which can result from the longer time of exposure to air in the case of thermal treatment. 
Plasma Treatment
The coked hydrotreating catalyst was treated under plasma discharge using a mixture of helium (80 vol%) and oxygen (20 vol%) and a flow rate of 100 mL/min. The deposited power was kept constant at 30W. Images of the wafer after different times of treatment are reported in Figure 4 . The brighter color at the center of the disk after 30 minutes of plasma treatment indicates that coke is more easily removed at the center of the wafer, closed to the pin electrode where the electric field is more intense. After 130 minutes of plasma treatment, the periphery of the wafer also appears with grey color. It was interesting to observe that the face in contact with the dielectric material had also changed color from black to grey, indicating that coke was removed on the two faces of the wafer. It suggests that the reactive species generated by plasma are able to diffuse from the surface through the depth of the catalyst wafer or that plasma discharge is formed in the small space between the wafer and the dielectric material. It is supported by a previous study in which we showed that the coke was completely removed in the depth of wafer using coked zeolite material [23] . 
The coked hydrotreating catalyst was treated under plasma discharge using a mixture of helium (80 vol%) and oxygen (20 vol%) and a flow rate of 100 mL/min. The deposited power was kept constant at 30W. Images of the wafer after different times of treatment are reported in Figure 4 . The brighter color at the center of the disk after 30 minutes of plasma treatment indicates that coke is more easily removed at the center of the wafer, closed to the pin electrode where the electric field is more intense. After 130 minutes of plasma treatment, the periphery of the wafer also appears with grey color. It was interesting to observe that the face in contact with the dielectric material had also changed color from black to grey, indicating that coke was removed on the two faces of the wafer. It suggests that the reactive species generated by plasma are able to diffuse from the surface through the depth of the catalyst wafer or that plasma discharge is formed in the small space between the wafer and the dielectric material. It is supported by a previous study in which we showed that the coke was completely removed in the depth of wafer using coked zeolite material [23] .
The concentration in CO 2 and CO versus time at the exit of the reactor is reported in Figure 5 . Carbon dioxide is mainly obtained by coke oxidation, while CO concentration remains low from the beginning until more than 2 hours of reaction. It is interesting to observe that two maxima are reached for CO 2 concentration, the first one after only few minutes of reaction and the second one after about 30 minutes of plasma treatment. From the amount of CO 2 and CO quantified, it appears that about 70% of coke was removed after 130 minutes of plasma treatment. The concentration in CO2 and CO versus time at the exit of the reactor is reported in Figure 5 . Carbon dioxide is mainly obtained by coke oxidation, while CO concentration remains low from the beginning until more than 2 hours of reaction. It is interesting to observe that two maxima are reached for CO2 concentration, the first one after only few minutes of reaction and the second one after about 30 minutes of plasma treatment. From the amount of CO2 and CO quantified, it appears that about 70% of coke was removed after 130 minutes of plasma treatment. The concentration in CO2 and CO versus time at the exit of the reactor is reported in Figure 5 . Carbon dioxide is mainly obtained by coke oxidation, while CO concentration remains low from the beginning until more than 2 hours of reaction. It is interesting to observe that two maxima are reached for CO2 concentration, the first one after only few minutes of reaction and the second one after about 30 minutes of plasma treatment. From the amount of CO2 and CO quantified, it appears that about 70% of coke was removed after 130 minutes of plasma treatment. The C, H, N, S elemental analysis after 10, 30, 60, and 130 minutes of plasma treatment was performed and the C, S elimination efficiency was calculated ( Figure 6 ). In accordance with the concentration of CO2 at the exit of the reactor, a rapid elimination of coke was observed during the first hour, while after this period, the coke removal slowed down. The efficiency reached about 70%, corresponding to the amount of CO2 and CO measured at the exit of the reactor. The elimination of sulfur reached a plateau after thirty minutes of plasma treatment, showing that 40% of sulfur was still present in the catalyst after plasma. The amount of hydrogen increased during the reaction (Figure 7) . The ratio H/C, initially equal to 1.2, increased until 7.0 after 130 minutes of plasma treatment, confirming coke elimination and suggesting a structural modification of the catalyst due to the presence of water forming under the plasma. The C, H, N, S elemental analysis after 10, 30, 60, and 130 minutes of plasma treatment was performed and the C, S elimination efficiency was calculated ( Figure 6 ). In accordance with the concentration of CO2 at the exit of the reactor, a rapid elimination of coke was observed during the first hour, while after this period, the coke removal slowed down. The efficiency reached about 70%, corresponding to the amount of CO2 and CO measured at the exit of the reactor. The elimination of sulfur reached a plateau after thirty minutes of plasma treatment, showing that 40% of sulfur was still present in the catalyst after plasma. The amount of hydrogen increased during the reaction (Figure 7) . The ratio H/C, initially equal to 1.2, increased until 7.0 after 130 minutes of plasma treatment, confirming coke elimination and suggesting a structural modification of the catalyst due to the presence of water forming under the plasma.
Characterizations of the Catalyst after Plasma Treatment
The catalyst was characterized by Raman after 130 minutes of plasma treatment (P = 30 W) and compared with the coked catalyst ( Figure 8a ). As expected, the coked catalyst exhibited the main The C, H, N, S elemental analysis after 10, 30, 60, and 130 minutes of plasma treatment was performed and the C, S elimination efficiency was calculated ( Figure 6 ). In accordance with the concentration of CO 2 at the exit of the reactor, a rapid elimination of coke was observed during the first hour, while after this period, the coke removal slowed down. The efficiency reached about 70%, corresponding to the amount of CO 2 and CO measured at the exit of the reactor. The elimination of sulfur reached a plateau after thirty minutes of plasma treatment, showing that 40% of sulfur was still present in the catalyst after plasma. The amount of hydrogen increased during the reaction (Figure 7) . The ratio H/C, initially equal to 1.2, increased until 7.0 after 130 minutes of plasma treatment, confirming coke elimination and suggesting a structural modification of the catalyst due to the presence of water forming under the plasma.
The catalyst was characterized by Raman after 130 minutes of plasma treatment (P = 30 W) and compared with the coked catalyst ( Figure 8a ). As expected, the coked catalyst exhibited the main bands originating from carbon structures: One centered at about 1350 cm −1 (D-band) and the other one at 1600 cm −1 (G-band). A weak shoulder is observed at about 1280 cm −1 . According to the Raman spectra obtained and previous studies [18, 19] , coke deposits can be considered as defective graphitic structures. The structure of the refractory coke is believed to be highly polyaromatic [22] . After thermal treatment at 500 • C, the coke is removed, as seen in Figure 8b ). The Raman analysis performed at the center of the wafer after 130 min of plasma treatment exhibited fluorescence, while the characteristic bands of carbon structure were visible at the periphery of the disk, confirming that carbon is more easily removed at the center of the wafer (Figure 9 ). bands originating from carbon structures: One centered at about 1350 cm −1 (D-band) and the other one at 1600 cm −1 (G-band). A weak shoulder is observed at about 1280 cm −1 . According to the Raman spectra obtained and previous studies [18, 19] , coke deposits can be considered as defective graphitic structures. The structure of the refractory coke is believed to be highly polyaromatic [22] . After thermal treatment at 500 °C , the coke is removed, as seen in Figure 8b ). The Raman analysis performed at the center of the wafer after 130 min of plasma treatment exhibited fluorescence, while the characteristic bands of carbon structure were visible at the periphery of the disk, confirming that carbon is more easily removed at the center of the wafer (Figure 9 ). The catalyst was characterized after plasma treatment (130 min) by XRD. For comparison, XRD pattern after a classical thermal treatment under air flow, at 500 °C, is also shown in Figure 1 . As already reported, a thermal treatment leads to the formation of the CoMoO4 phase (JCPDS 21-0868) at 2 26.7°, which is inactive in hydrotreating process. This phase interestingly is not observed after plasma treatment but the formation of an unexpected phase is visible, which corresponds to the heteropolycompound ammonium oxonium dodecamolybdophosphate H11.6Mo12N2.6O40.4P (ICSD: 98-0105-7859), a Keggin HPA PMo12O40 3-with (NH4) + as counterion. The presence of nitrogen does not come from gas phase, since the plasma treatment was performed using a mixture of helium and oxygen. The elementary analysis confirmed that nitrogen was a component of the coked catalyst (0.1 wt%), due to the presence of N-containing molecules in the gas oil feed. The mechanism of the Keggin HPA formation under plasma discharge is difficult to explain. The preparation of heteropolyanions having the Keggin type structure by dissolution of MoO3 oxide in the presence of phosphoric acid has been reported [24, 25] . Under plasma discharge, water is produced during coke oxidation, its condensation into the pores of alumina can be expected, further reaction between acidified water and oxides would lead to the formation of the polymeric species.
Moreover, the use of heteropolyanion (HPA) as hydrotreating catalyst precursors has been reported by different authors [26] [27] [28] . They demonstrate a high catalytic activity in the conversion of thiophene by using sulfide catalysts prepared from phosphomobybdates. However they are usually not so well crystallized at the surface of HDT catalysts. If too well crystalized, they could be stable and thus difficult to be sulfided. This is why the evaluation of such a material could be the subject of future studies to demonstrate its potential in the HDS process. The catalyst was characterized after plasma treatment (130 min) by XRD. For comparison, XRD pattern after a classical thermal treatment under air flow, at 500 • C, is also shown in Figure 1 . As already reported, a thermal treatment leads to the formation of the CoMoO 4 phase (JCPDS 21-0868) at 2θ 26.7 • , which is inactive in hydrotreating process. This phase interestingly is not observed after plasma treatment but the formation of an unexpected phase is visible, which corresponds to the heteropolycompound ammonium oxonium dodecamolybdophosphate H 11.6 The elementary analysis confirmed that nitrogen was a component of the coked catalyst (0.1 wt%), due to the presence of N-containing molecules in the gas oil feed. The mechanism of the Keggin HPA formation under plasma discharge is difficult to explain. The preparation of heteropolyanions having the Keggin type structure by dissolution of MoO 3 oxide in the presence of phosphoric acid has been reported [24, 25] . Under plasma discharge, water is produced during coke oxidation, its condensation into the pores of alumina can be expected, further reaction between acidified water and oxides would lead to the formation of the polymeric species. Moreover, the use of heteropolyanion (HPA) as hydrotreating catalyst precursors has been reported by different authors [26] [27] [28] . They demonstrate a high catalytic activity in the conversion of thiophene by using sulfide catalysts prepared from phosphomobybdates. However they are usually not so well crystallized at the surface of HDT catalysts. If too well crystalized, they could be stable and thus difficult to be sulfided. This is why the evaluation of such a material could be the subject of future studies to demonstrate its potential in the HDS process. TGA-TDA analyses were performed after 130 min of plasma treatment ( Figure 10 ). An important weight loss is observed at low temperature which can be partly attributed to the elimination of water physisorbed at the surface of the catalyst, water resulting from the oxidation of coke under the discharge. The presence of an endotherm curve at low temperature suggests the loss of water molecules associated with Keggin anion of the HPA phase, as proposed by Tatibouët et al. [29] . At higher temperatures, the exotherm centered at 436 °C can be assigned to the oxidation of the remaining coke but also to the collapse of the Keggin structure and to the crystallization of the resulting oxides [30] . Moreover, the first exothermal peak centered at 295 °C disappeared after 130 minutes of plasma treatment, suggesting the complete elimination of coke from the surface of MoS2. TGA-TDA analyses were performed after 130 min of plasma treatment ( Figure 10 ). An important weight loss is observed at low temperature which can be partly attributed to the elimination of water physisorbed at the surface of the catalyst, water resulting from the oxidation of coke under the discharge. The presence of an endotherm curve at low temperature suggests the loss of water molecules associated with Keggin anion of the HPA phase, as proposed by Tatibouët et al. [29] . At higher temperatures, the exotherm centered at 436 • C can be assigned to the oxidation of the remaining coke but also to the collapse of the Keggin structure and to the crystallization of the resulting oxides [30] . Moreover, the first exothermal peak centered at 295 • C disappeared after 130 minutes of plasma treatment, suggesting the complete elimination of coke from the surface of MoS 2 . TEM micrographs of the catalyst before and after plasma treatment are shown in Figure 11 . The TEM image in Figure 11a exhibits MoS2 slabs, homogenously dispersed on the alumina support. The slab length is comprised between 5 and 10 nm with a stacking of 1 or 2 slabs. Note that after aging, the presence of carbon deposition does not alter the catalyst morphology, as has been proved by different authors [4, 31] . After 130 minutes of plasma treatment under oxygen and helium with a deposited power of 30W, it is interesting to observe two distinct zones of the catalyst. As shown in Figure 11b , in zone ① no carbon was detected by EDS analysis while in zone ② the amount of C reached 33% (atomic). The measurements were performed on ten different points of the zone represented by circles. Note that the size of the probe was 10 nm and the measurement was performed in 50 nm depth of the sample. Consequently it is possible to give only average values of atomic concentration, which do not correspond to the stoichiometric composition of phases due to the high dispersion of metallic species at the surface of the alumina support. The atomic concentrations in zone ②, i.e., with high amount of carbon, were not significantly different from those determined for the sample before treatment, whereas in the area where carbon was eliminated, the Co/Mo ratio reached 4.6. Moreover this zone was characterized by a high amount of alumina ((Co + Mo)/Al = 0.04) and a ratio Mo/P lower than unity. The quantification by EDS confirmed the structural catalyst modification under the plasma discharge, as shown also by XRD analysis. TEM micrographs of the catalyst before and after plasma treatment are shown in Figure 11 . The TEM image in Figure 11a exhibits MoS 2 slabs, homogenously dispersed on the alumina support. The slab length is comprised between 5 and 10 nm with a stacking of 1 or 2 slabs. Note that after aging, the presence of carbon deposition does not alter the catalyst morphology, as has been proved by different authors [4, 31] . After 130 minutes of plasma treatment under oxygen and helium with a deposited power of 30W, it is interesting to observe two distinct zones of the catalyst. As shown in Figure 11b , in zone 1 no carbon was detected by EDS analysis while in zone 2 the amount of C reached 33% (atomic). The measurements were performed on ten different points of the zone represented by circles. Note that the size of the probe was 10 nm and the measurement was performed in 50 nm depth of the sample. Consequently it is possible to give only average values of atomic concentration, which do not correspond to the stoichiometric composition of phases due to the high dispersion of metallic species at the surface of the alumina support. The atomic concentrations in zone 2 , i.e., with high amount of carbon, were not significantly different from those determined for the sample before treatment, whereas in the area where carbon was eliminated, the Co/Mo ratio reached 4.6. Moreover this zone was characterized by a high amount of alumina ((Co + Mo)/Al = 0.04) and a ratio Mo/P lower than unity. The quantification by EDS confirmed the structural catalyst modification under the plasma discharge, as shown also by XRD analysis. 
Comparison between Coke Removal in Zeolite and HDS Catalyst
The thermal stability of coke in the HDS catalyst is lower than in a zeolite, as shown by the TGA profile in Figure 12 . The nature and amount of coke differs for the two materials; alkylbenzene and alkylnaphtalene occupy the microporosity of the zeolite while poly-aromatic compounds are present in the HDS catalyst ( Table 2) . A complete coke removal is reached at 400 • C in the HDS catalyst while 580 • C is required to completely eliminate coke in the zeolite. The presence of metal particles in HDS catalyst can favor coke combustion at lower temperature, as explain before. Regarding zeolite regeneration, the oxidation temperature does not depend on the coke content [32] but mainly on the accessibility of oxygen to coke [33] .
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TGA analysis
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TGA analysis From COx measur treat
So, the regeneration is strongly limited by the diffusion of oxygen in the plugged pores. It is difficult to burn it when its content is very high (20 wt%), because of a complete blockage of the access to micropores. It is interesting to observe an opposite trend as soon as plasma is used for coke elimination. The rate of CO 2 formation is about five time higher for a zeolite than for the HDS catalyst (Table 2) . Indeed, in a previous paper [34] , we demonstrated that oxidation rate under plasma discharge depends strongly on the nature of the coke. Higher character polycyclic compounds of coke lower their reactivity relative to the short-lived oxygenated specie. On the zeolite the coke is constituted of polyaromatic molecules not exceeding 5 to 8 aromatic rings, whilst on the HDS catalyst it is graphitic ( Figure 13 ).
The analysis of gas phase under plasma discharge reveals that a large amount of ozone is produced under the experimental conditions used. It is interesting to observe that ozone concentration is more than five times higher in the presence of a zeolite than with the HDS catalyst. It is known that ozone is formed through the dissociation of the O 2 molecule followed by a three-body reaction according to [35] :
So, it is possible to propose that a correlation exists between the amount of ozone formed and the amount of active oxygen species produced, these species being responsible for coke oxidation. With zeolite, the formation of O species is favored in gaseous phase-parts of O-atoms react with coke yielding CO 2 , while other O-atoms combine with O 2 molecules to produce O 3 . Note that direct oxidation of the coke by ozone can be excluded since the temperature measured in the reactor is too low to activate O 3 (always lower than 80 • C). As soon as the coked HDS catalyst is introduced into the discharge, the presence of metal species (Co, Mo) could be responsible for the limitation of O species production or to the fast recombination of active species at the metallic surface of the catalyst [37, 38] . As a consequence, under classical thermal oxidation experimental conditions, the presence of metal species improves the activation of oxygen favoring coke combustion at low temperatures, while under nonthermal plasma the metal species inhibit the formation of the active O-atom species and coke elimination is more difficult to achieve.
Experimental
Coked Hydrotreating Catalyst, Characterization
The coked catalyst used to perform the experiments was recovered from a HDS process, after deactivation corresponding to two years on stream. This was a CoMoP with a corresponding oxide (4.0/20.5/5.2) catalyst supported on γ-alumina. The regenerated catalyst, free of coke, was also provided as a reference for the plasma treatment.
Surface areas were measured according to the BET procedure. The nitrogen adsorption-desorption isotherms were determined with a Micromeritics Flowsorb II 2300 appartus at −196 • C. Thermogravimetric analysis were performed with a SDTQ600TA analyser under a 100 mL/min flow of air up to 1173 K. The TGA-mass analysis was performed using a heated transfer line (300 • C) from TGA to the Hiden Analytical QGA (200 uma) apparatus.
High resolution transmission electron microscopy (HRTEM) was carried out using a JEOL 2100 UHR instrument with a LaB 6 filament, at 200 kV accelerating voltage. Microanalysis of C, Mo, Al, and Co was carried out by Energy Dispersive X-ray spectroscopy (EDX) in the nanoprobe mode.
The catalysts were characterized by X-ray Diffraction (XRD) using a Siemens D-5005 diffractometer with CuKα = 1.5417Å, operated at 40kV and 30mA. The diffraction patterns were recorded in the 2θ range of 10-90 • with a step interval of 0.02 • and a period of 1 s.
Raman spectra of carbon nanotubes were obtained using a Labram HR800UV Horiba Jobin Yvon. Patterns were recorded at a wavelength of 532 nm from 10 to 4000 cm −1 with a step size of 1.5 cm −1 and 20 s per step. In order to acquire statistically meaningful data, between 10 to 15 spectra were recorded for each sample.
Pin to Plate Dielectric Barrier Discharge (DBD) Reactor
The reactor used for studying the coke regeneration reaction is a volumetric type dielectric barrier discharge reactor with a pin to plate geometry (Figure 13) . One electrode is a stainless-steel pin covered by a platinum deposit (d = 1 mm) and the second electrode is made a copper tape (22 mm in diameter), the two electrodes being separated by a glass plate as dielectric material. The sample is placed in the center of the reactor at the surface of the glass plate. The two electrodes are connected to a bipolar pulse generator (A2E Technologies-Enertronic). The applied voltage is measured using two high-voltage probes (Lecroy, PMK-14KV-AC) and the current intensity by an inductive probe. All electrical signals are visualized and recorded using a digital touchscreen oscilloscope (Lecroy WaveSurfer 64Xs-A, 600MHz).
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The reactor used for studying the coke regeneration reaction is a volumetric type dielectric barrier discharge reactor with a pin to plate geometry (Figure 13) . One electrode is a stainless-steel pin covered by a platinum deposit (d = 1 mm) and the second electrode is made a copper tape (22 mm in diameter), the two electrodes being separated by a glass plate as dielectric material. The sample is placed in the center of the reactor at the surface of the glass plate. The two electrodes are connected to a bipolar pulse generator (A2E Technologies-Enertronic). The applied voltage is measured using two high-voltage probes (Lecroy, PMK-14KV-AC) and the current intensity by an inductive probe. All electrical signals are visualized and recorded using a digital touchscreen oscilloscope (Lecroy WaveSurfer 64Xs-A, 600MHz). The bipolar pulse is defined by two consecutive pulses U + and U − applied to one electrode and then to the other, whence U (t) = U + + U − (Figure 1b) .
The deposited energy is calculated by temporally integrating the product U (t) by I (t) over the duration of the pulse t as shown by the following equation:
The average power P is calculated according to P = E × f with P-power in Watt, E-energy in Joule and f-frequency in Hz. In this study the deposited power was fixed at 30W, the voltage and frequency being maintained at 12 kV and 2000 Hz, respectively.
Experimental Reaction Conditions
The reaction was performed by flowing a mixture of helium and oxygen (20 vol% O 2 ) at a constant flow rate: 100 mL/min −1 . The weight of the coked catalyst, used as a wafer, was between 20 to 25 mg. The gap between the pin and the wafer was equal to 2.5 mm, the pulse frequency and applied voltage were respectively fixed at 2 kHz and 12 kV, corresponding to a deposited power of 30 W.
The carbon and sulfur elimination efficiency is calculated according to coke elimination efficiency = (%coke) 0 − (%coke) t (%coke) 0 × 100 sulfur elimination efficiency = (%S) 0 − (%S) t (%S) 0 × 100
where (%coke) 0 and (%coke) t correspond to the amount of coke before and after plasma treatment, respectively.
Conclusions
The regeneration of a coked HDS catalyst was investigated using a DBD plasma reactor with a pin to plate geometry, the catalyst being used as a wafer and deposited at the surface of the dielectric material. We show in this study that 70% of coke was eliminated after 130 min of plasma treatment under a mixture of helium and oxygen (He-O 2 : 80-20 mL/min) and a deposited power of 30 W. The sulfur elimination reached a plateau after thirty minutes of plasma treatment, showing that more than 40% of sulfur was still present in the catalyst after plasma treatment, most probably as sulfates and/or MoS 2 . Moreover the results showed that treatment of the coked HDS catalyst by plasma under an oxidant media is much more difficult than the treatment of a coked zeolite material, while it is the opposite for a classical thermal treatment. It is believed that the presence of metal species affects the formation of active O-atom species, as shown by the lower ozone concentration in the gaseous phase. Interestingly, even if the rate of coke elimination is lower for the HDS catalyst, the usual refractory species CoMoO 4 is not observed, while an unexpected phase was formed under plasma discharge, which belongs to the family of Keggin HPA PMo 12 O 40 3− . The study will be completed in order to verify if this phase formed under plasma can be an interesting precursor of catalyst for the HDS process, even if it is well crystallized. Moreover, the coke removal by coupling plasma and a thermal treatment at low temperature will be investigated. It is expected that an increase of temperature until 200 • C would allow the activation of ozone formed under plasma and that the efficiency of the process can be improved.
